The yellowfin tuna (Thunnus albacores) orbital oil was extracted with supercritical carbon dioxide (SC-CO 2 ). The effects of the change in extracting time (60.0 -300.0 min), temperature (30.0 -80.0 ºC) and the operating pressure (15.0 -40.0 MPa) on the yield of tuna orbital oil were more systematically investigated by using single factor analysis method. The results showed that the yield of oil increased with an increase in extraction time until the maximal yield (9.0 %) was reached for 180.0 min, and changed with a change in extraction temperature with a maximal yield (11.1 %) at 60.0 ºC, and varied with an increase in operating pressure, having a maximal yield (13.6 %) at 35.0 MPa. The parameters of extraction time, temperature and pressure, having a maximal oil yield, were used as the center points for central composite design (CCD) to optimize the condition of SC-CO 2 extraction of the tuna orbital oil by response surface methodology (RSM). The results showed that the optimal extraction condition for oil yield was 185.1 min, 57.8 ºC, and 35.8 MPa. Under this condition, the predicted value of oil yield was 20.2 % very close to the average experimental value of 20.8 %. The chemical analysis indicated that the unsaponified matter (USM), peroxide value (POV) and iodine value (IV) of yellowfin tuna orbital oil were 0.77 %, 2.33 mg/kg and 192.19 %, respectively. The content of docosahexanoic acid (DHA) accounted for 27.1 % of total fatty acids.
Introduction
The yellowfin tuna (Thunnus albacores) is the second largest tuna fishery in the world with the annual capture production of 1.5 million metric tons (FIGIS, 2006) which accounts for about one third of the world tuna production. Large quantities of yellowfin tuna was processed as canned fish products, and in consequence a large amount of solid wastes (viscera, head, skin, etc.) , accounting for 50-70 % of the original raw material, was generated (Vizcarra-Magana, 1999) . It was reported, however, that the orbital meat in tuna head was rich in fish oil (McEvoy et al., 1997) containing over 20% of docosahexanoic acid (DHA) and 5-10% of eicosapentanoic acid (EPA) which have many healthy benefits (Shimada et al., 1997; Chantachum et al., 2000) . Cooking (Chantachum et al., 2000) , alkaline hydrolysis (Yang et al., 2000; Yang et al., 2001) , and enzymatic hydrolysis (Linder et al., 2005) are common methods used for isolating fish oil. In recent years, supercritical carbon dioxide (SC-CO 2 ) extraction technology and response surface methodology (RSM) for optimizing extraction are widely applied to isolate oil, lipids and other constituents from different plant and animal tissues, such as sorghum lipids , silkworm pupal oil (Wei et al., 2009 )，sea buckthorn oil (Xu et al., 2008) , cherry seed oil (Bernardo-Gil et al., 2001) , walnut oil (Oliveira et al., 2002) , pumpkin seeds protein (Li et al., 2005) , cottonseed oil (Bhattacharjee et al., 2007) , Vetiveria zizanioides essential oil (Danh et al., 2009) . In this study, the oil was extracted from the orbital meat of the yellowfin tuna using supercritical carbon dioxide (SC-CO 2 ) and the response surface methodology (RSM) was employed to optimize the extraction condition for the oil, and the quality of the extracted fish oil was evaluated.
Frozen yellowfin tuna heads were provided by Beijing Zhongyang Global Tuna Ltd. Co. (Beijing, China). Totally two different batches of twelve yellowfin tuna heads (6-10 kg/per tuna head) were used in the experiments. Frozen (-60 ºC) tuna heads were thawed at room temperature for 2 h and washed with tap water for 30 min. The orbital meats were taken from the heads, mixed and then crushed with JJ-2 composing crushing machine (Shanghai Jiangxing Ltd., China), and stored in small zip lock bags (Shanghai Johnson Ltd., China) at -20 ºC and used as required. About 35g of the crushed orbital meat was placed into the extraction chamber (maximal capacity 50 ml), and extracted with a SC-CO 2 extraction system (Spe-ed, Applied Separation Company, USA). The extraction yield was expressed as the percent ratio of the mass of extracted oil to the mass of the crushed orbital meat used for extraction. The effects of extracting time, temperature and operating pressure, as the three main factors, on the yield of SC-CO 2 extraction of yellowfin tuna orbital oil were studied by a single factor analysis method. Response surface methodology was applied to optimize the operating condition of SC-CO 2 extraction of yellowfin tuna orbital oil for obtaining a higher extraction yield. The coded and uncoded independent variables used in the RSM design were listed in Table 1 . The levels of the independent parameters were based on the single factor analysis experimental results. The experimental design, based on a central composite design (CCD) (Xu et al., 2008; Wei et al., 2009 ) consisting of three variables, needed 17 experimental settings with 8 (2 3 ) factorial points, 6 star points (star distance is 0), and 3 central points (0, 0, 0) as shown in Table 2 . A second-order polynomial equation (1) (Xu et al., 2008; Wei et al., 2009 ) was used to express the yield of yellowfin tuna orbital oil (Y) as a function as follows
Where Y represents the response (yield of tuna orbital oil, %). β 0 , β i , β ii and β ij are constant coefficients of intercept, linear, quadratic and interaction terms, respectively. X i and X j are independent variables (extraction time, temperature and operating pressure). Unsaponified matter (USM) of the extracted yellowfin tuna orbital oil was determined according to International Union of Pure and Applied Chemistry (IUPAC) method IV.A.11 (IUPAC, 1982) . Peroxide value (POV) and iodine value (IV) were analyzed according to Association of Official Analytical Chemists (AOAC) Official Methods 965. 33 and 993.20 (AOAC, 2000) , respectively. The fatty acid composition of yellowfin tuna orbital oil was analyzed by gas -chromatography / mass -spectrometry (GC / MS).All analyses were performed in triplicate and the average was taken. Results and discussion
Influences of extraction time, temperature and pressure
The influences of SC-CO 2 extraction time, temperature and operating pressure on the yield of yellowfin tuna orbital oil was shown in Figure 1 . It was seen from the figure that the shape of the curve of oil yield versus extraction time from 60.0 min to 300.0 min was like a rectangular hyperbola. Within the hour from 60.0 min to 120.0 min the oil yield increased linearly from 5.6 % to 9.0 % with an increase in extraction time. From then to 180.0 min the oil yield increased by smaller and smaller amount in response to increases in extraction time until a maximal oil yield of 9.0 % was reached. After that, the oil yield was no longer dependent on extraction time. The results could be explained based on the distribution of the oil within the sample. At the early stage, the oil was extracted from the surface of the particles, and the solubility of the oil in SC-CO 2 controls the mass transfer. In the later stage, oil from the intact cells was extracted, and the mass transfer was controlled by the diffusion of oil within the particles (Danh et al., 2009; Oliveira et al., 2002) . The mass transfer rate was low and oil yield increments were insignificant. The oil yield reached to a maximum at 180.0 min. The study of Rubio-Rodrguez et al. (2008) using SC-CO 2 to extract omega-3 rich oil in hake byproducts showed similar results. The extraction temperature has dually opposite effects on oil yield with SC-CO 2 extraction of yellowfin tuna orbital oil. On the one hand, an increase in temperature results in reducing CO 2 density, which in turn weakens SC-CO 2 power to dissolve oil. On the other hand, the increase in temperature leads to an increase of oil volatility, and therefore results in an increase of oil solubility in SC-CO 2 (Wei et al., 2009; Thana et al., 2008) . In this study, when the temperature was below 60.0 ºC, its effect on oil volatility was remarkable, and therefore the oil yield was increased with an increase in temperature from 30.0 ºC to 60.0 ºC (Figure 1 ). However, a further increase in temperature, the weakening of SC-CO 2 power became the dominate factor, and led to a decrease in extraction yield. The optimal extraction temperature was different from the study of Kang et al. (2005) using lower extraction pressure (12.4 MPa) to separate protein and fatty acids from tuna viscera. The oil yield increased with an increase in operating pressure from 15.0 MPa to 35.0 MPa, and reached a maximum at 35.0 MPa. This was because CO 2 density increased with an increase in pressure at constant temperature, which in turn enhanced the solubility of oil in SC-CO 2 . However, extraction yield decreased significantly with a further increase in pressure from 35.0 MPa to 40.0 MPa. This was because the effect of internal mass transfer resistance played dominant role, and CO 2 solvent had higher viscosity and reduced diffusivity under higher pressure (Kang et al., 2005) .
Analysis of a multiple regression equation and variance (ANOVA) and optimization of extraction condition
The experimental response in term of oil yield was listed in Table 2 . An equation (2) was obtained as follows: Y= -3212.97803-0.65786X 1 +42.55920X 2 +115.51314X 3 +9.07454E -003X 1 X 2 + 0.043039X 1 X 3 -0.59595X 2 X 3 -3.80453E-003X 1 2 -0.19856X 2 2 -1.24545X 3 2 (2) Table 3 showed that the model (p<0.001) and lack of fit (p>0.05) were suitable for optimization of process parameters. Meanwhile, the coefficient of determination (R 2 ) and adjusted coefficient of determination (Adj.R 2 ) were 0.9888 and 0.9743, respectively, indicating that the accuracy and general availability of the polynomial model were adequate. X 1 (P<0.05), X 2 (P<0.001) and X 3 (P<0.05) were all the variables with significant effects on oil yield, and the order of effect on yield was X 2 >X 3 >X 1 . Besides, the quadratic terms of the three variables as well as the interactions between the two arbitrary variables of the three had significant effects on oil yield (P<0.05). The first-order partial derivatives on the regression equation (2) equaled to zero, and solved equations. The results were obtained as follows: X 1 =185.07, X 2 =57.76 and X 3 =35.75, respectively. Therefore, the optimal extraction condition for maximizing oil yield within the experimental range of the variables was for 185.1 min, at 57.8 ºC and 35.8 MPa. Using these parameters, the yield was predicted to be 20.2 %. Three groups of experimental procedures were followed to check the result, and the experimental average value was 20.8 % which was higher than the yields of crude oil (2.8 % and 4.8 %) prepared by cooking from precooked and non-precooked skipjack tuna heads (Chantachum et al., 2000) . The differences between the oil yields may come from the extraction method and the materials for oil extraction.
Compared with the cooking method, the SC-CO 2 extraction used SC-CO 2 as solvent which has high extraction efficiency of oil. According to the preliminary experimental result, the orbital meat contained almost all of fats in yellowfin tuna head, although it only accounted for about 4.9 % of the total weight of the head. 3. Chemical properties of tuna orbital oil Unsaponified matter (USM) of yellowfin tuna orbital oil extracted by SC-CO 2 was 0.77 %, peroxide value (POV) 2.33 mg/kg and iodine value (IV) 192.19 %, respectively. There are significant differences in qualities of tuna oil due to different extraction methods. The extracted oil from precooked skipjack tuna head by cooking contained 3.6-4.1 % USM, more than 200 mg/kg POV and 122-174 g/100g IV (Chantachum et al., 2000) . Yellowfin tuna orbital oil extracted by SC-CO 2 contained much less non-triglycerides, e.g. hydrocarbons, higher alcohols, and sterols, which probably contributed to lower USM. The whole process of SC-CO 2 extraction was carried out at low temperature (58 ºC), which led to a lower oxidation rate compared with extraction oil by cooking (95 ºC). Therefore, the much lower POV was obtained. Moreover, it was reflected that tuna orbital oil contained more unsaturated fatty acids (UFAs) resulted in higher IV. Mono-and poly-unsaturated fatty acids of yellowfin tuna orbital oil accounted for 36.2 % and 38.1 % of total fatty acids, respectively. They were higher than those of skipjack tuna oil (21.3 % and 30.3 %) (Chantachum et al., 2000) . Eicosapentanoic acid (EPA) and docosahexanoic acid (DHA) of yellowfin tuna oil accounted for 6.0 % and 27.1 % of total fatty acids, respectively. However, the contents of EPA and DHA of skipjack tuna oil were 0.1 % and 25.5 %. These analytical results reflected that the yellowfin tuna orbital oil extracted by SC-CO 2 had higher quality.
Conclusions
The current work showed that based on single factor analysis method, the condition was developed for the extraction of yellowfin tuna orbital oil with SC-CO 2 forming a polynomial regression model and predicted the response of oil yield. Experimental results showed that the yield was dependent on the linear term of extraction time, temperature and pressure as well as the interactions between each of two parameters out of the three, which had significant effects. The optimal extraction condition for oil yield was concluded to be 185.1 min, 57.8 ºC and 35.8 MPa. Under this condition, the predicted value of oil yield was 20.2 % very close to the average experimental value of 20.8 %. USM, POV and IV of yellowfin tuna orbital oil were 0.77 %, 2.33 mg/kg and 192.19 %, respectively. DHA accounted for 27.1% of total fatty acids.
